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GENERAL INTRODUCTION
Sowing and planting, until recent times, was performed by hand.
Whereas the idea of planting with a machine dates from antiquity, the
first drill was built in 1632 by Joseph Locatelly of Corinth, Greece
(Bernacki and Kanafojski, 1972). Since then, numerous planters of dif
ferent types and sizes for different crops have been built and used.
Planting equipment includes row crop planters, grain drills and air
seeders, broadcast seeders, and specialized planters (John Deere, 1975).
The functions performed by simple planters are: (1) meter the seed,
(2) place the seed in the soil, (3) cover the seed, and (4) firm the
soil around the seed. Successful planting depends upon many interacting
factors, which involve the soil and its physical and chemical properties,
the seed and its variety, and the planter and its characteristics.
Satisfactory performance of the planter includes accurate metering
of seeds, accurate spacing of seeds in soil, and obtaining optimum depth
of seeds, optimum cover of seeds, and optimum firming of soil around
the seed.
Because of the increase of soil erosion from cultivated land, con
serving of soil has been elevated to the number two objective of the
farming system (yield of crop is number one). Other objectives of the
farming system are: (a) water conservation, (b) lower production cost,
and (c) greater production efficiency.
The name of the farming system that promotes resource conservation
(soil, water, energy, etc.) has been called conservation tillage, and
new implements have been designed and developed for carrying out the
objectives of conservation tillage.
Many new types of planters have been developed to carry out the ob
jectives of conservation tillage. Among these was a punch planter de
veloped by Horsch Company^ of the Federal Republic of Germany. This
planter was capable of punching through residue, planting seeds at a
preselected uniform depth and within-the-row spacing, and covering and
firming the soil around the seed while working at high speeds.
The overall objective of this research was to evaluate the per
formance of the Horsch punch planter imported from Germany.
This thesis discusses results of two related studies, one conducted
in the field and the other in the laboratory. These two sections will be
submitted separately for publication in an appropriate scientific journal.
Section 1, "Performance of a punching wheel for corn," discusses the
characteristics of the punch planter, based on field tests, and analysis
of the spacing between the seeds, the planting depth, the percent missed
seeds, and the percent emergence as affected by planting speed, tillage
systems, and different closing and press wheels.
Section 2, "Performance and synchronization of a vacuum metering
system for a punch planter for corn," discusses the characteristics of
the metering mechanism as shown by analysis of laboratory tests of per
cent filling of the metering plate as affected by speed, cutoff wiper
position and metering system vacuum. The synchronization of the meter
ing plate with the punching wheel is also discussed.
^Landw. Ein-u. Verkaufsgesellschaft. Horsch Ohg, Harburger Stra3e 5,
Postfach 145, 8350 Landau/Isar., Federal Republic of Germany.
SECTION 1: PERFORMANCE OF A PUNCHING WHEEL FOR CORN
INTRODUCTION
The growing number of fanners practicing conservation tillage has
resulted in greater interest in finding equipment that will work suc
cessfully in those given conditions. Conservation farming primarily
involves planting in a partially tilled or untilled seedbed. Conserva
tion tillage leaves a residue cover that protects soil from erosion
but inhibits the efficiency of traditional com planters. Many planters
are used in conservation tilled fields, but none works well in all con
ditions. Successful planters are modified ones that suit particular
situations (Bolluyt, 1981).
Some of the main problems associated with planting in crop residue,
and related to machine operation, are clogging, adjustments, and plant
ing through residues (Woodruff et al., 1966). The main requirement from
a machinery standpoint is to develop equipment that can plant through
heavy residues without plugging, place the seed in a firm soil, and
obtain stands and yields equal to or better than those obtained from
conventional seedbed preparation (Krall et al., 1978).
Much of the previous research on conservation planters involved
conventional planters modified for specific situations, generally by
adding rolling coulters, but maintaining the general practice of plant
ing by opening and closing a furrow. A large amount of residue on the
field can interfere with the formation of the seed planting trench,
cause clogging of the machine, disruption of the furrow, and disruption
of the uniformity of the seed pattern. A relatively new planting
procedure consists of punching seeds directly into the soil so that the
residue cover is very little disturbed. With a punch planter, the
shearing action of the coulters is replaced by a piercing action
through residue.
Jafari and Fomstrom (1972) designed a wheel having cones on its
periphery that punched conical holes in the ground, followed by a
vertical rotating disc metering system that dropped seeds in the holes.
A chain and sprocket drive insured the timing between punching wheel
and metering system. Laboratory and field tests using sugar beets
showed uniform spacing and depth of planting. The authors reported
that the punch planter worked at reasonable planting speeds and planted
single seeds without any seed damage.
Wilkins et al. (1979) developed a planter that consisted of mag
netic punches, a punch wheel, a seed hopper, and a seed pick-up wheel.
They reported that the accuracy of seed placement, defined as the per
centage of punched holes that had one seed imbedded in the bottom,
for lettuce seeds was 98.3% for a travel speed of 1.6 km/h and 88% for
3.2 km/h.
Srivastava and Anibal (1981) reported on a punch planter for con
servation tillage. They described the planter as composed of a punch
wheel, a seed plate, a retainer ring and an outer cover. The metering
system was incorporated inside the wheel and a jet of compressed air
was used to propel the seed to the holes of the wheel. Tests with
plastic balls of uniform size showed that cell fill rate decreased as
speed increased. They reported that the timing of seed release from the
seed plate was very critical for proper seed placement in the punched
hole.
Adekoya (1982) designed a punch planter for com that consisted
of a ground-driven wheel with punches around its periphery. The
punches were cam activated. The planter punched holes in an untilled
field, deposited corn seeds at a depth of 5.06 cm and spacing along the
row of 25.72 cm. The seeds planted showed an overall percent emergence
of BIZ.
Etal (1966) described his planter as a ground driven rotary
mechanism having many seed planting needles to pierce plastic mulch on
the top of the soil. A foot for each needle actuated the mechanism to
place the seed and a covering material into the soil. Two hoppers,
one for seeds and one for covering materials, continuously dispensed
seeds and covering materials into adjacent pockets.
Cowell (1967) designed a planter that consisted of a drum having
one stationary end wall through which a seed supply tube opened, and
two inner and outer rotatable cylindrical portions with, respectively,
seed openings and seed dispensers. Upon rotation, the seed dispensers
dug into the ground and planted a seed. The planter was mounted on a
tool bar and was driven from a ground engaging wheel.
Nevmian (1977) used a roller with protrusions on its periphery
producing holes in the ground. Seeds were fed to the protrusions from
inside the roller. A spring-activated finger, when pressed against the
soil surface, released the seeds. The protrusions were carried by
separate plates and were radially attached to telescopic spokes that
permitted small adjustments of the distance between seeds planted.
The author claimed that the roller can be used to plant any desired
seed or apply fertilizer and insecticides.
Tschudy (1969) reported that his precision seed planter apparatus
was capable of injecting seeds into the soil by means of fingers
disposed on an endless belt having an inner removable liner. The belt
was carried on a pair of pulleys, one having a convex periphery that
opened the fingers laterally, and the other a concave periphery that
caused the fingers to close. The within-the-row spacing could be
changed by changing the inside liner belt.
The overall objective of this study was to evaluate on a field
scale the performance of a punch planter for corn. Specific objectives
were to determine:
(1) The relationship of depth of planting to forward speed.
(2) The relationship between within-the-row seed spacing and forward
speed of the planter.
(3) The effect of speed on missed seeds for three different tillage
systems.
(4) The effect of different closing and press wheels on the percent
emergence of corn planted at 4.02 km/h in three different tillage
conditions.
MATERIALS AND METHODS
The punch planter investigated in this study was a commercial unit,
brought from Germany in June, 1983. It consisted of two main parts,
the punching wheel and the metering system (Figure i). The punching
wheel consisted of a circular steel plate of 800 mm (31.5 inches)
diameter and 20 mm (0.79 inches) thickness. The plate carried 18
openers bolted equidistantly around its periphery. The openers (seed
cups) had a pyramidal shape and consisted of a fixed member bolted to
the plate and a movable member held closed by a spring. The movable
member had a rolling cam follower. The plate rotated around a shaft
carried by a square tube having an appropriate cam track bolted to it.
As the wheel rotated, the seed cups were opened at the upper position
to receive the seeds and at the lower position as they came out of the
ground to deposit the seed in the hole. The opening of the seed cups
was activated by the cam followers when pressed against the cam track.
Closing was accomplished by torsion springs.
The metering system was the French Nodet-Gougis vertical plate
vacuum metering system. The vacuum was produced by a PIG (power take
off) driven fan and transmitted through plastic tubing to the vacuum
chamber of the metering system. A sprocket and chain drive was used to
transmit power from the punching wheel to the seed plate (Figure 2).
Two units of this planter were mounted on a double tool bar and
attached to the three point hitch of a tractor. The fan was driven
through a hydraulic motor because it was difficult to align with the
PTO shaft.
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Fig, 1. The Horsch punch planter
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Planting tests were run during two days, June 6 and 7, 1983, on
the Agricultural Engineering Research Farm near Ames, Iowa, on soil
of the Clarion-Nicolet-Webster Association. The plots were 27.4 m
(90 feet) long and 15 m (50 feet) wide. Three tillage treatments were
used: untilled, chisel plowed, and moldboard plowed the previous fall.
All the plots received fertilizer (0-50-60) in Fall 1982, and in Spring
1983 anhydrous ammonia was applied at a rate of 180 kg/ha (160 lb/acre).
During the previous planting season, the plots produced a corn crop.
At planting time, soil samples were collected at various locations in
the plots. The samples were placed in preweighed cans, weighed, oven
dried at 105°C for 48 hours, and reweighed for soil moisture determina
tion (Table 1). Com residue samples were collected using a square
frame 0.3 m x 0.3 m (1 ft x 1 ft). The samples were placed in paper
bags, oven dried at 75°C for 72 hours, and weighed to determine the
amount of dry residue on the surface (Table 2).
Before starting the experiments, the planter was set at a planting
depth of 5 cm (2 inches) using the hydraulically controlled 3-point
hitch of the tractor. Pretests were run in another field in order to
synchronize the seed delivery with the rotating wheel.
A split plot design was used for both experiments in this study.
The first experiment consisted of three planting speed treatments,
2.82 kni/h (1.75 MPH), 4.02 km/h (2.5 MPH), and 7.24 km/h (4.5 MPH),
replicated 4 times. During the second experiment, the treatments
consisted of different closing and press wheels, a John Deere closing
wheel (a pair of narrow, inclined steel wheels), a rubber-tired press
12
Table 1. Moisture content of the soil at planting date in % dry
weight for different tillage systems^
Tillage conditions Depth in cm
0-5 5-10
Untilled 16.28 21.55
Chisel plowed 19.05 22.75
Moldboard plowed. 15.08 23.53
Each value is the mean of 20 observations.
Table 2. Amount of residue on the surface in kg/ha for different
tillage systems^
Tillage conditions Amount of corn residue
of the soil kg/ha
Untilled 7970.0
Chisel plowed A457.5
Moldboard plowed —
Each value is the mean of 20 observations.
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wheel, and no closing wheels. Wliere used, the closing wheels were
mounted behind the punching wheel. The planter was run at a constant
speed of 4.02 km/h (2.5 MPH) during this experiment. Each treatment
consisted of four rows planted 76.2 cm (30 inches) apart. Pioneer
Hybrid 3780 variety of seed com was used for both experiments.
Sub-plots with lengths of 9.14 m (30 feet) were randomly selected
along the two outer rows in each treatment. These sub-plots contained
about 50 holes each. Depth of planting and within-the-row spacing
were measured by digging carefully around the seed and using a marked
stick and a ruler. The number of missed seeds was also counted during
this same operation. Emergence counts were performed 15 days after
planting by counting the number of plants in row lengths of 9.14 m
along the inner rows. These numbers were corrected to give the percentage
emergence of seeds effectively planted using the formula: Percentage
emergence = number of plants emerged/(niimber of holes - number of miss
ing seeds).
uRESULTS AND DISCUSSION
Depth
The effect of speed on the planting depth is shown in Table 3a.
There were no significant differences between the treatment means;
however, the working depth was greater than the 5 cm depth that was
set with the tractor hydraulic system through the three point hitch.
This difference was due to the different initial soil conditions, to
the difficulty in repeatedly setting the depth at the same level using
the hydraulic hitch, and to the vertical vibration of the planter dur
ing planting. The effect of tillage conditions was not significant at
the 5% level (Table 3b). Figure 3 shows a graph of depth of planting
vs. speed for different tillage systems. Depth of planting was inde
pendent of speed and tillage system in the range of the experiments.
Spacing
The within-the-row spacing as affected by speed and tillage condi
tions is shown in Table 4a. The analysis of the data showed that
there were no significant differences between the treatment means at
the 5% level (Table 4b). The difference between the means and the
theoretical spacing of 17.5 cm (6.88 inches) was due to slip between
the punching wheel and the soil. Figure 4 shows a graph of spacing
vs. speed for different tillage systems. It can be concluded that for
the conditions of the experiment, the within-the-row spacing was inde
pendent of speed ^nd of tillage conditions of the soil.
15
Table 3a. Calculated data for the effect of speed on depth of plant
ing in different tillage conditions
Tillage conditions
of the soil
Planting
speed
km/h
Mean
depth
era
Standard
deviation
cm
Coefficient
of variation.
%
Untilled 7.24 5.48 0.13 2.37
4.02 5.31 0.32 5.99
2.82 5.62 0.33 5.82
Chisel plowed 7.24 5.63 0.15 2.73
4.02 5.59 0.13 2.26
2.82 5.41 0.18 3.26
Moldboard plowed 7.24 5.30 0.17 3.27
4.02 5.43 0.29 5,27
2.82 5.44 0.29 5.26
Table 3b. ANOVA for depth of planting at different speeds in differ
ent tillage conditions
Source of variation
Degrees of
freedom
Sum of
squares
Mean
squares
F-values
Replicate 3 0.0315 0.0105 0.38 ns^
Tillage 2 0.1458 0.0729 2.64 ns
Error (a) 6 0.9813 0.1636 —
Speed 2 0.0123 0.0062 0.22 ns
Tillage x speed 4 0.3401 0.0850 3.08 ns
Error (b) 18 0.4969 0.0276 —
Adjusted total 35 2.0079 — —
^ns - Not significantly different at the 5% level.
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Fig. 3. Depth of planting vs. forward speed for different tillage
systems
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Table 4a. Calculated data for the effect of speed on withln-the-
row spacing in different tillage conditions
Tillage conditions
of the soil
Planting
speed
km/h
Mean
depth
cm
Standard
deviation
cm
Coefficient
of variation
%
Untilled 7.24 17.41 0.34 1.98
4.02 17.51 0.62 3.57
2.82 17.56 0.49 2.77
Chisel plowed 7.24 17.40 0.49 0.28
4.02 17.54 0.34 1.92
2.82 17.55 0.41 2.34
Moldboard plowed 7.24 17.74 0.43 2.43
4.02 17.73 0.03 0.16
2.82 17.41 0.05 0.28
Table 4b. ANOVA for within-the-row spacing of planted corn at differ
ent speeds in different tillage conditions
Source of
variation
Degrees of
freedom
Sum of
squares
Mean
squares
F-values
Replicate 3 1.0803 0.3601 2.92 ns®
Tillage 2 0.1414 0.0707 0.87 ns
Error (a) 6 0.4898 0.0816 —
Speed 2 0.0503 0.0252 0.20 ns
Tillage X speed 4 0.3329 0.0832 0.68 ns
Error (b) 18 2.2189 0.1233 —
Adjusted total 35 4.3135 — —
ns - Not significantly different at the 5% level.
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Fig. 4. Within-the-row spacing vs. forward speed for different tillage
systems
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Missed seeds
Percent missed seeds as affected by speed and tillage systems is
shown in Table 5a. There was a highly significant difference among the
planting speed means, but no effect of tillage systems was found at the
5% level (Table 5b). The speed effect can be explained by the openers
throwing the seeds out of the holes at higher speeds of the planter
and the higher vibration of the punching wheel that decreased synchron
ization efficiency of the seed cups with the metering system. The
percentage of missed seeds was independent of tillage conditions, but
increased with speed for the conditions of the experiment (Figure 5).
Emergence
Percentage emergence for different speeds and different tillage sys
tems is given in Table 6a. The analysis of the data revealed no effect
of tillage conditions, but there were significant differences among the
treatment means of percent emergence of com at the 5% level (Table 6b).
Percent emergence of com decreased when planting speed increased
(Figure 6). This was caused by the openers throwing soil out of the
holes and leaving the seeds less covered when the speed increased.
That led to less moisture available for the seed and higher rate of
drying of the soil, decreasing the chance for seeds to germinate and
emerge.
Effect of different closing and press wheels
Data of percentage emergence of corn when using a John Deere clos
ing wheel, a rubber-tired wheel, or no wheels behind the planter are
20
Table 5a. Percent missed seeds as affected by planting speed and
tillage conditions
Tillage conditions
of the soil
Planting speed in km/h
Untilled
Chisel plowed
Moldboard plowed
Mean in %
7.24
15.75
10.50
12.00
12.75
LSD (P=0.05) for speed means = 2,2%,
Not significant for tillage means
4.02
7.00
9.75
5.75
7.50
2.82
4.25
5.25
6.00
5.17
Mean
in %
9.00
8.50
7.92
Table 5b. ANOVA for percent missings for corn planted at different
speeds in different tillage conditions
Source of
variation
Degrees of
freedom
Sum of
squares
Mean
squares
Replicate 3 40.5278 13.5093
Tillage 2 7.0556 3.5278
Error (a) 6 12.7222 2.1204
Speed 2 362.0556 181.0278AA
Tillage x speed 4 91.1111 22.7778*
Error (b) 18 117.5000 6.5278
Adjusted total 35 630.9722 —
^Significantly
**Significantly
different at
different at
the 5% level of probability,
the 1% level of probability.
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Fig. 5. Percent seeds missed during plantings vs. forward speed for
different tillage systems
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Table 6a. Percentage emergence of com as affected by speed and
tillage conditions
Tillago conditions
of the soil
Planting speed in km/h
Untilled
Chisel plowed
Moldboard plowed
Mean in %
7.24
58.50
78.75
78.50
71.92
LSD (P=0.05) for speed means = 13%,
Not significant for tillage means.
4.02
75.25
88.00
82.25
81.83
2.82
93.75
88.00
84.00
88.58
Mean
in %
75.83
84.92
81.58
Table 6b. ANOVA for percent emergence of com planted at different
speeds in different tillage conditions
Source of Degrees of Sum of Mean
variation freedom squares squares
Replicate 3 692.2222 230.7407
Tillage 2 506.7222 253.3611
Error (a) 6 734.6111 122.4352
Speed 2 1686.7222 843.3611*
Tillage x speed 4 1091.7778 272.9445
Error (b) 18 4236.1667 235.3426
Adjusted total 35 8948.2222 —
•Significantly different at the 5% level of probability.
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Fig. 6. Percent emergence of corn vs. forward speed for different
tillage systems
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shovm in Table 7a. Figure 7 is a plot of percent emergence of corn
vs. different wheels for different tillage conditions. There were no
significant differences at the 5% level, among tillage system or closing
wheel means of percent emergence for com planted at a speed of 4.02
km/h (Table 7b).
25
Table 7a. Calculated data for percent emergence of corn planted when
using different closing and press wheels in different till
age conditions at a speed of 4.02 km/h
Tillage conditions
of the soil
Wheel
treatment
Mean percent
emergence
%
Standard
deviation
o/
Coefficient
of varia
tion %
Untilled Tire press 91.50 6.14 6.71
J.D. closing 94.00 2.58 2.75
No wheel 91.50 5.80 6.34
Chisel plowed Tire press 96.75 2.87 2.97
J.D, closing 94.00 4.08 4.34
No wheel 91.50 5,00 5.46
Moldboard plowed Tire press 89.50 4.51 5.04
J.D. closing 91.50 1.91 2.09
No wheel 93.50 3.11 3.33
Table 7b, ANOVA for percent emergence of corn planted at a speed
of 4.02 kra/h when using different closing and press
wheels in different tillage conditions
Source of
variation
Degrees of
freedom
Sum of
squares
Mean
squares
F-values
Replicate 3 142.8889 47.6296 3.44 ns^
Tillage 2 39.5000 19.7500 1,21 ns
Error (a) 6 98.2778 16.3796 —
Wheels 2 5.1667 2.5834 0.19 ns
Tillage x wheels 4 102.8333 25.7083 1.86 ns
Error (b) 18 249.3333 13.8519 —
Adjusted total 35 638,0000 — —
ns - Not significantly different at the 5% level.
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Fig. 7. Percent emergence of corn vs. different wheels for different
tillage systems and at a constant speed of 4.02 km/h
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CONCLUSIONS
The results of this study indicated that the German punch planter
was able to plant corn by punching seeds through soil surface covered
with corn residue up to 7970 kg/ha (Table 2) at planting speeds as high
as 7.24 km/h. Uniformity of depth and spacing was acceptable in these
same conditions.
Mounting of a John Deere closing wheel or a tire press wheel did
not have any effect on the percent emergence of corn in comparison to
planting without wheels behind the planter at a constant forward speed
of 4.02 km/h. The differences between percent emergence when no
wheels were used at a planting speed of 4.02 km/h (Tables 6a and 7a)
were probably due to more moisture available for the second plot which
was flat compared to the first which was inclined. In these condi
tions, one can say that the openers were able to adequately place the
seed in firm soil and to cover it with sufficient loose soil for good
germination.
The number of missing seeds increased with increasing speeds and
was due first to the openers throwing the seeds out of the holes at high
planting speeds, and secondly to the high vibration of the planter that
affected the bouncing of the seeds and changed their path when released
from the plate so that they dropped outside the openers. This synchron
ization problem between plate and punching wheel is discussed in
Section 2.
28
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SECTION 2: PERFORMANCE AND SYNCHRONIZATION OF A VACUUM
METERING SYSTEM FOR A PUNCH PLANTER FOR CORN
30
INTRODUCTION
For most farmers, the planting operation causes more anxiety
than any other farm operation. Numerous planters have been designed
and used for different crops in different soil conditions. Row-crop
planters were designed to place seeds in rows, in order to permit
control of weeds and improve harvesting efficiency. Even though these
planters differ slightly from each other with the type of crop planted
and the type of planting method, they generally have components that
are similar. One of the most important components of a planter is the
metering system. Seed metering systems are classified into: (1) Seed
plate, (2) finger pickup, (3) air devices, (4) random devices. Among
the air metering devices, there are three types: (1) Pressurized
metering drum, (2) Pressurized metering disk, (3) Vacuum metering disk
(John Deere, 1975).
Metering individual seeds without damage is a performance goal
required for a metering system so that optimum stands can be established,
A study of the factors affecting the metering accuracy of farmer-
operated planters may help an operator make decisions about the
adjustment and operation of the planter to produce an optimum stand.
The theory of vacuum metering systems has been studied by Weller
(1958) and Hammond (1965) who demonstrated the feasibility of vacuum
devices and showed that a vacuum nozzle should remain stationary with
respect to the seedbed during pickup time in order to avoid skips.
Henderson and Perry (1955) assumed a seed rising from a seedbed
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to a vacuum nozzle as a small particle moving in an air stream unaf
fected by the presence of the seed. They developed equations relating
drag coefficient, drag force, and specific weight of the seed to air
specific weight and velocity.
Short and Huber (1968) studied a planetary vacuum seed metering
system for cucumber seeds and concluded that nozzle air velocity is
very critical In order to pick up one and only one seed per nozzle.
No visible damage occurred during that test.
Hammond (1965) reported that use of a vacuum seed pickup offered
the advantage of selection of a single seed and the capability of
dealing with irregularly shaped seeds. Once a seed was held by the
vacuum at the orifice, further gripping action cannot be applied to
other seeds; and since usually the seed is held by only one portion of
its periphery because of the relative small size of the orifice, the
shape and size of the seed has no effect on the performance of the
seed-gripping device.
Sial and Persson (1979) stated that five separate operations in the
vacuum metering process may be recognized: seed orientation, seed pick
up, seed holding and transport, brush-off of extra seeds, and seed
ejection. They also tested several nozzle types and several brush-off
devices and concluded that a pointed-end body nozzle and a hair brush
device performed best with cabbage seeds.
Brown (1971) used a ground driven rotor for delivery of seeds from
the metering mechanism to the furrow at zero horizontal velocity with
respect to the ground. He found out that the metering system is more
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imporLanl in detGrmining good seed spacing Llian the seed delivery
system.
Speed effect was investigated by Wanjura and Hudspeth (1968),
They used three plates operated at three speeds, and they caught the
quantity of seed metered in one minute. They reported that speed had
little effect on average metering rate for any of the plates, and
that uniformity of metering over an extended period for a given seed
hopper and plate was acceptable in the 2 to 6 mph range.
Vacuum effects were studied by Walter et al. (1974). They used a
seed drum vacuum and wheat seeds. They found that percent skips de
creased with increasing vacuum and percent multiples increased for in
creasing vacuum levels from 12 to 18 inches of Hg.
Although optimism vacuum requirements for seed pick-up and holding
have not been reported, Sweetman (1957) recommended 17 KPa working
vacuum for clover seeds, and Hammond (1965) used 3 KPa for sugar beet
and 15 KPa for beans.
Wanjura and Hudspeth (1969) studied performance of vacuum wheels
metering individual cottonseed. They used two vacuum wheels, one with
spokes around its periphery and the other with suction ports at the
base of serrations along a narrow ridge extending around the circum
ference. They concluded that seed size for an orifice diameter of 3/32
inches had little influence on seed planting pattern, but did affect
the number of doubles picked up. Wheel speeds from 20 to 50 rpm and
vacuums of 1 to 5 inches of Hg had only minor influence on the per
formance of the spoked vacuum wheel; however, changes in the size and
33
shape of the suction orifice altered the performance of the spoked
wliee 1.
The primary objective of this study was to evaluate a vacuum
metering system for a punch planter for com. Specific objectives
were:
(1) To study the relationship between speed and percent fill of the
metering plate.
(2) To study the effect of seed cutoff wiper on metering efficiency
of the plate.
(3) To determine the effect of different vacuum levels on percent fill
of the plate.
(4) To determine synchronization curves of the metering plate with
the punching wheel.
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MATERIALS AND METHODS
The metering system tested in this study was a vacuum vertical
plate type, which was paired with a punch planter wheel to constitute the
Horsch punch planter. Vacuum was created by a PTO (power take off)
driven fan, and was transmitted through a plastic tube to a vacuum
chamber where it acted through the orifices of the rotating metering
plate. The metering plate was 1 mm thick, had 18 orifices of 6 mm
diameter, and was driven by a shaft rotating at the same angular
velocity as the punching wheel. Seeds were held by the action of the
vacuum during 300 degrees rotation and were released at atmospheric
pressure when the orifice reached the cutoff point. The seeds were
released to fall free to a deflector positioned under the plate to
guide the seeds inside the cups of the punching wheel (Figure 1).
The punching wheel has 18 cam-activated cups that opened at the
upper position to catch the seeds, closed, and opened again in the
lower position when they were about to leave the ground in order to
deposit the seed in the soil. The experiments were conducted in the
laboratory of the Agricultural Engineering Department at Iowa State
University.
For these laboratory studies, a tractor and a 1/4 horsepower (HP)
electric motor with a gear reduction box were used to run the punching
wheel and the metering system. Vacuum was measured at the orifices of
the metering plate using a vacuum gauge. Speeds were varied using dif
ferent driving sprockets. A two-factor factorial in a completely
1 VACUUM TUBE
2 SEED CUTOFF WIPER
3 METERING PLATE
4 VACUUM CHAMBER
5 SEED HELD
6 EMPTY ORIFICE
7 DEFLECTOR
8 PUNCHING CUP
9 PUNCHING WHEEL
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Fig. 1. Vacuum metering system
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randomized design was used. Four speeds, 1.93 km/h (10 rpm); 2.90 km/h
(15 rpm); 3.87 kra/h (20 rpm); 4.84 km/h (25 rpm); and six vacuum levels
were replicated four times. After 10 rotations, seeds were collected
in a pan under the metering plate and were counted. The wiper cutoff
was set at 35 (manufacturer's scale) and no count of multiples or skips
was performed during this test (Figure 2).
The second experiment used 10 settings of the wiper cutoff (WCS)
from 0 to 50 by steps of 5 and 4 speeds. Vacuum was set constant at
1080 Pa (8.10 mm Hg) (Figure 3). During these two experiments with
the metering unit, the punching wheel was removed from the planter.
For the synchronization experiment, the whole unit was assembled
(punching wheel + metering system) and set on a stand. The same elec
tric motor and tractor were used. In order to catch the seeds inside
the cups during 5 rotations, an appropriate cam-track was designed and
built. When used, this cam-track enabled the cups to open only at the
upper position to catch the seeds falling from the plate. A double-
faced adhesive tape was placed to cover the inside surface of the cups
so that seeds were kept inside the cups and did not bounce out (Figure
4).
Height (distance edge to edge between the metering plate and the
punching wheel) was adjustable by means of an oblique sliding gate.
During this test, vacuum was held constant at 1080 Pa (8.10 mm Hg),
wiper cutoff was set at 35 (manufacturer's scale), four heights (6, 7,
8, 9 cm), and four speeds (1.93 km/h, 2.90 km/h, 3.87 km/h, 4.84 km/h)
were used. A scale in degrees was taped on the edge of the metering
37
Fig. 2. Laboratory set up for the vacuum experiment
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iJt
Fig. 3. Wiper cutoff mechanism
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Fig. A. Seed falling inside a cup during the synchronization
experiment
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plate and used to set the lag angle. Retardation angle (lag angle)
derini'd as the angle hiTweon Lhe first urlflce holding n seod nnd the
drop position (vacuum cutoff) was varied from 2 to 20 degrees by steps
of 2 degrees using the bolt and disk mechanism provided by the manu
facturer. At the beginning of every run, the first cup was set
vertically beneath the metering plate. After five rotations, seeds
were collected from the tape inside the cups and counted. Sixteen
tests were run corresponding to combinations of 4 speeds and 4 heights.
Every test was replicated 4 times, and 10 angles (lag angle) were used
for each run.
Data collected were analyzed using an SAS program, and analysis
of variance and regression were performed.
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RESUI.TS AND DISCUSSION
Vacumn
Percent fill of the Tnetering plate increased with increasing vacuum.
Since the total number of seeds collected was counted without discerning
between multiples and skips, percentages higher than 100 were observed
at vacuum levels equal to or larger than 1080 Pa (8.10 mm Hg) (Figure 5).
At low speeds (1,93 km/h and 2.90 km/h), the curves of percent fill
versus vacuum level showed similar trends. Percent fill increased
sharply when vacuum was increased from 196 Pa (1.47 mm Hg) to 491 Pa
(3.68 mm Hg) and reached 105% at 1080 Pa. At higher speeds (3.87 km/h
and 4,84 km/h), percent fill was nearly zero at 196 Pa and reached 95%
and 98% at 1080 Pa. This trend can be explained by the longer time
tlie orifices were exposed to seeds at lower speeds so that chances for
seeds to be caught by the vacuum orifices were larger.
Table 1 shows means of percent fill of the metering plate as
affected by different vacuum levels at different speeds. At low speeds,
means of percent fill were significantly different for vacuum levels
lower than 1375 Pa (10.31 mm Hg) when tested by Duncan's Multiple Range
Test at the 95 percent confidence level; conversely, no differences
between means were detected for higher vacuums. At higher speeds, all
means of percent fill at different vacuum levels were significantly
different.
From the curves obtained, optimum vacuum level for all speeds was
between 785 Pa (5.89 mm Hg) and 1375 Pa (10.31 mm Kg). Vacuum of
A2
Table 1. Effect of vacuum on percent fill of the metering plate at
different forward speeds for a constant wiper cutoff
setting^
Forward speed in km/h
Pa 1.93 2.90 3.87 4.84
1669
2
113 a 111 a 111 a 107 a
1375 111 a 108 a 107 b 104 b
1080 104 b 105 b 99 c 96 c
785 100 c 97 c 86 d 81 d
491 89 d 85 d 55 e 31 e
196 5.8 e 3.3 e 1.6 f 0.83 f
Average of four observations.
Means within a column followed by different letters were signifi
cantly different when tested by Duncan's Multiple Range Test at the
95% confidence level.
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Fig. 5. Percent filling of the metering plate vs. vacuum at the orifice
for different planting speeds and a constant wiper cutoff
setting of 35
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1080 Pa (8.10 mm Hg) was chosen as a working level and gave 95% to
110% fill when the wiper cutoff was set at 35 (manufacturer's scale).
Seed cutoff wiper
With increasing wiper cutoff settings, less area of the orifices
was swept by the wiper and more vacuum surface was exposed to seeds;
consequently, more seeds could be caught by the orifices. Percent
fill of the metering plate showed an increase with increasing wiper
cutoff settings (WCS) for all speeds used. At lower speeds, the curves
had the same trend, a sharp increase from 40% to 100% when WCS was
varied from 0 to 20; then, percent fill reached 112% when WCS was
maximum at 50. This was due to the negligible effect of the wiper at
higher settings. At high speeds, and WCS = 0, percent fill was only 9,
but reached 100 at WCS= 45 (Figure 6). This can be explained by the
fact that at higher speeds, higher seed momentums enabled the wiper to
remove seeds easier than when speeds were low.
Table 2 shows means of percent fill for different WCS at different
speeds. Duncan's Multiple Range Test was used to identify significant
ly different means. At low speeds and WCS= 45 or 50, no significant
differences were detected between means of percent fill of the plate.
For high speeds, differences were significant at WCS= 40 and 45. At
low WCS (0, 5, 10), significant differences between means of percent
fill were detected at the 95 percent level of probability.
Since neither multiple fills nor skips were accounted for, in
order to collect at least 18 seeds after one rotation of the metering
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Table 2. Effect of wiper cutoff settings on percent fill of the
metering plate at different forward speeds and a constant
Wiper
cutoff
setting
vacuum-'
1.93
Forward speed in km/h
2.90 3.87 4.84
50 112 112 a 108 a 104 a
45 112 a 111 ab 99 b 99 b
40 109 b 108 be 98 be 97 b
35 104 c 107 c 98 be 93 c
30 103 cd 104 d 97 bed 92 c
25 101 de 101 e 96 ed 89 d
20 100 ef 99 e 95 d 88 d
15 98 fg 96 f 86 e 75 e
10 96 g 89 g 52 f 34 f
5 84 h 75 h 23 g 19 g
0 44 i 33 i 9.5 h 6.7 h
Average of four observations.
9
Means within a column followed by different letters were sig
nificantly different when tested by Duncan's Multiple Range Test at
the 95% confidence level.
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plate the most appropriate wiper cutoff settings would be: WCS^25
at 1.93 km/h and 2-90 km/h, and WCS ^ 45 at 3.87 km/h and 4.84 km/h.
No damage to the seeds was observed during this test.
Synchronization
The goal of this experiment was to find the retardation angle (lag
angle X) that gives a maximum fill of the punching cups at a given
speed and a given height.
0 12 3
Analyses of several combinations of parameters X , X , X , X were
performed for each height-speed combination. Linear and exponential
equations were used to fit the data. The linear model was adopted be-
2
cause R values were higher. The analysis of variance indicated that
all regressions were significant. Each regression coefficient of the
independent variables (X^, X^, X^, X^) in the equations was tested to
determine if the value was significantly different from zero (Table 3b)
The equation number for each speed-height combination is given in
Table 3a, and the regression equation coefficients are presented in
Table 4. These equations were chosen because there was no significant
increase in the sum of squares due to regression when higher powers of
X were introduced; in fact, all lack of fit components were not sig-
2
nificant at the 95 percent level of probability. On the basis of R ,
all the equations fit the data reasonably well. Percent fill of the
cups (Y) as a function of lag angle (X) followed a cubic curve Y =
AX^ + BX^ + CX^ + DX^ valid for 2£Xi20 degrees (Figures 7a, 7b, 7c, 7d) .
This trend was predicted because of the cyclic phenomenon in the
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Table 3a. Corresponding
bination
equation number to every speed-height com-
Speed HelRht In cm
km/h
6 7 8 9
1.93 1 5 9 13
2.90 2 6 10 14
3.87 3 7 11 15
4.84 4 8 12 16
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Table 4. Coefficients for terms of the synchronization equations
CoefficientsEquation
imber x" X^
i\
1 88.58 -21.72 2.79 -0.09 0.84
2 103.32 -21.76 2.32 -0.06 0.88
3 132.96 -24.97 2.14 -0.05 0.84
4 112.04 -11.71 0.55 -0.01 0.78
5 91.38 -23.20 2.92 -0.09 0.97
6 93.65 -18.13 1.94 -0.05 0.89
7 102.32 -12.89 0.89 -0.001 0.89
8 90.73 -1.52 -0.55 0.03 0.92
9 83.28 -17.89 2.05 -0.06 0.84
10 93.58 -13.30 1.01 -0.02 0.85
11 107.23 -15.41 1.08 -0.02 0.77
12 41.68 14.52 -1.85 0.06 0.69
13 85.60 -19.86 2.26 -0.07 0.89
14 80.73 - 6.42 0.24 0.004 0.82
15 93.52 - 9.59 0.42 -0.0004 0.74
16 48.76 10.18 -1.43 0.05 0.63
51
metering mechanism. Since tliere were 18 orifices on the metering plate,
the same pattern was repeated every 20 degrees of rotation. A perfect
synchronization will give 100% filling of the cups, then any shift from
that lag angle will decrease the percent fill, until a minimum of 0%
filling (theoretically) will be reached (perfect nonsynchronizatlon).
Experimental data showed a maximum fill of only 90%. A random choice
of the lag angle will give at least 25% filling of the cups. Theoreti
cal analysis showed that a seed released with an initial velocity fol
lowed a parabolic path. Lag angles corresponding to 100% fill are
shown in Table 5. Lag angles and corresponding maximum percent fill
from laboratory experiments are summarized in Table 6.
A comparison of these two tables showed an average difference of
6 degrees between experimental and theoretical values of lag angle.
This difference was due to many factors that were not accounted for in
the theoretical analysis. The most important factors causing these dif
ferences were the deflector (shape, surface, inclination), the width of
the cups (12.86 degrees), the seed characteristics (shape, orientation,
weight), and errors due to measurement.
If discrepancies due to the width of the cups were assumed to be
the same for every height-speed combination, the deflector effect was
less predictable because bouncing will vary with speed, shape, and
impact of the seed on the deflector. In addition, there were errors due
to the difficulty of setting the lag angle accurately because of back
lash in the drive mechanism.
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Table 5. Theoretical lag angles in degrees corresponding to maximum
fill of cups for different speod-height combinations
Speed
km/h
Height in cm
1,93 10.27 10.69 11.10 11.A3
2.90 12.97 13.59 14.16 14.72
3.87 15.55 16.37 17.15 17.88
4.84 18.05 19.08 20.05 20.96
Table 6. Angle lag in degrees and maxiraiun % fill of cups at differ
ent height-speed combinations, a constant WCS of 35, and
a constant vacuum of 1080 Pa
Height in cm
km/h
6 7 8 9
1.93 X = 16 X = 16 X = 17 X= 17
Y = 90 Y = 88 Y = 76 Y = 75
2.90 X = 18 X = 18 X = 20 X= 20
Y = 86 Y = 82 Y = 89 Y = 79
3.87 X = 20 X = 20 X = 2 X= 2
Y = 90 Y = 90 Y = 80 Y = 77
4.84 X = 2 X = 2 X = 5 X = 5
Y = 90 Y = 86 Y = 76 Y = 70
X = Lag angle in degrees
Y = Maximum percent fill of punching cups
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Although the rcRression equations were statistically significant,
and the overall regression accounted for a large portion of the vari
ation in the lag angle, some inconsistencies were observed. In using
these prediction equations to synchronize the metering system with the
punching wheel, the operator must be aware of the great chance of
error.
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CONCLUSIONS
Laboratory tests were conducted to determine performance of a
vacuum vertical plate metering system used with a punching wheel and
corn seeds. Effects of vacuum measured at the orifices of the meter-
ing plate and effects of a wiper cutoff brush on percent fill of the
metering plate were evaluated. Synchronization between metering plate
and punching wheel was studied and discussed.
Under the conditions of this study, vacuum levels had significant
effects on percent fill of the metering plate and increasing vacuum
induced increasing fill of the plate when speed was kept constant and
wiper cutoff was set at 35. On the contrary, percent fill decreased
with increasing speeds, but at vacuum levels higher than 1080 Pa, speed
effects were no longer significant. A working vacuum level for the
range of speeds 1.93—4.84 km/h would be 1080 Pa, for orifices of 6 mm
diameter and 1 mm deep. Percent fill also increased with increasing
wiper cutoff settings, but 100% fill was reached at WCS= 25 for low
speeds (1.93 km/h, 2.90 km/h) and at WCS= 45 for high speeds (3.87 km/h,
4.84 km/h). Synchronization tests revealed that retardation angle (lag
angle) has a significant effect on percent seeds caught by the punching
cups. The statistical analysis showed that a cubic curve was the best
fit to the data for all height-speed combinations used. Plots of the
regression curves permitted determination of corresponding lag angles
for maximum fill of the punching cups (best synchronization). Table 6
will permit the user to set the metering system correctly before planting
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in order to have up to 90% synchronization efficiency.
More research is necessary to improve percent fill of the metering
plate by monitoring the number of multiples and skips, and to obtain
more efficient synchronization especially in field conditions.
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SUMMARY
To contribute to the solution of some of the problems caused by
conservation tillage in general and planting in residue-covered fields
in particular, a punch planter was brought from Germany and tested in
the field and in the laboratory.
Field experiments showed that the planter worked fairly well in a
variety of soil conditions. Depth and spacing uniformity were accept
able in the range of planting speeds of 2.82-7.24 km/h and in differ
ent soil conditions such as untilled, chisel plowed, and moldboard
plowed plots. However, increasing speeds increased percent missed
seeds and decreased percent emergence of corn planted. Closing and
press wheels used behind the punch planter had no effects on percent
emergence of corn planted in these experiments.
Laboratory experiments conducted on the metering system showed that
percent fill of the metering plate decreased with increasing speeds.
Increasing vacuum at the orifices of the metering plate increased per
cent fill of the orifices; similarly, percent fill increased with in
creasing settings of the wiper cutoff. An important adjustment for the
German punch planter was the synchronization of the metering plate with
the punching wheel. Tests permitted construction of a chart that
could help the operator set the metering plate at an appropriate lag
angle for a given height and a predetermined planting speed, in order
to obtain up to 90% .fill of the punching cups.
Although tests showed satisfactory performance of the German punch
planter in the conditions cited, observations made during the
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experiments revealed some limitations such as: (1) fixed wlthin-the-
row spacing; (2) difficulty of penetrating hard ground (unless addi
tional weights were added); (3) structural weakness of the cups; and
(4) lack of an easy and accurate means of depth control. Therefore,
more research is needed in order to find solutions to these new prob
lems and to make this punch planter a more reliable planting machine.
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APPENDIX A: KXNEf-IATIC ANALYSIS OF THE SEED FALL
The metering plate and the punching wheel can be represented by
two wheels rotating at the same angular velocity W in opposite direc
tions. Assume wheels rotate without slipping. is the radius
to the center of an orifice on the metering plate and is the radius
to the base of a cup on the punching wheel. The seed is assumed to be
a particle rotating at W angular velocity with the metering plate when
caught by the vacuum and released with an initial velocity V at point
0 (vacuum cutoff).
In order to simplify the calculations, retardation angle B is set
on the punching wheel with respect to the vertical line, and a cup is
assumed to be a point P, rotating at Wangular velocity with the wheel.
A coordinate system is established at the cutoff point 0
(Figure Al).
The coordinates of point S (position of seed after falling from
height H) are:
^1 ~ ^1 ^ ^1
=1/2 gt^ +WRj^ t sin (2)
The motion of a cup from position P to S is described by the fol
lowing equations:
0 = Wt (3)
0 = B + A2 . A2 < 0 (4)
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Fig. Al. Velocity polygon and path of the falling seed
68
Using equation 2, and solving for t gives
-WR. sin ± J(WR^ sin A,)^ + 2gY
t = ^ (5)
g
In order to have a seed fall inside a cup, two conditions must be
satisfied:
(a) (seed) = (cup)
(b) (seed) = (cup)
Condition (a) is satisfied by
sin sin A^ (6)
Condition (b) is satisfied by
Yj^ = H+ R2(1 - cos A2) (7)
From equation 5, determine t, time for the seed to fall from
height H, insert t in equations 3 and 4 to find the angle swept by a
cup during the time t.
Equation 6 can be written as follows:
X - R sin A
sin A„ = ^ (8)z R2
In order to find the angle at which a cup intercepts a seed,
is calculated from equation 1 and is inserted into equation 8. Knowing
A2, insert it in equation A to obtain the retardation angle (lag angle)
B.
Condition (b) is always satisfied because A2 is small and
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Lhereforc Yj^ II.
The following are constants:
H-h = 0.9 cm
g = 981 cm/s
= 9.5 cm
R2 = 50 cm
= 25 degrees = 0.A4 rad
Results corresponding to four different speeds are shown in
Tables Al, A2, A3 and A4.
Radius of metering plate
Aj^ Cutoff angle
W Angular velocity
0 Seed initial fall position (t=0)
S Seed final position
P Cup initial position (t=0)
H Dropping height of seed
h Edge to edge height
R^ Radius of punching wheel
B Angle of initial position of cup (lag angle)
^2 Angle of interception of the seed
V Initial velocity of the seed
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Table Al. Theoretical results for a speed of 1.93 km/h (W - 1.05
rad/s) and different heights
h t Xl A2 B
(cm) (sec) (cm) (deg) (deg)
6 0.11 1.03 -3.42 10.27
7 0.12 1.11 -3.34 10.69
8 0.13 1.18 -3.25 11.10
9 0.14 1.24 -3.18 11.43
Table A2. Theoretical results for a speed of 2.90 km/h (W = 1.57
rad/s) and different heights
h
(cm)
t
(sec)
0.11
0.12
0.13
0.14
Xl
(cm)
1.52
1.63
1.74
1.8A
(deg)
-2.86
-2.73
-2.61
•2.50
B
(deg)
12.97
13.59
1A.16
14.72
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Table A3. Theoretical results for a speed of 3.87 km/h (W = 2.09
rad/s) and different heights
h
(cm)
t
(sec)
0.11
0.12
0.13
0.13
(cm)
1.99
2.14
2.28
2.41
A2
(deg)
•2.32
•2.15
•1.99
•1.84
B
(deg)
15.55
16.37
17.15
17.88
Table A4. Theoretical results for a speed of 4.84 km/h (W = 2.62
rad/s) and different heights
h.
(cm)
t
(sec)
0.11
0.12
0.12
0.13
Xl
(cm)
2.44
2.63
2.80
2.97
A2
(deg)
•1.80
•1.59
-1.39
•1.20
B
(deg)
18.05
19.08
20.05
20.96
72
APPENDIX B: YIELD RESULTS
Corn planted with the punch planter was harvested on October 26,
1983, with a two-row combine. The two inner rows only of each sub
plot were harvested. Yields in bushels/acre at different com moisture
were transformed into yields in tons per hectare at 15.5% moisture con
tent. Means of four replications of yields of corn planted at differ
ent speeds in different tillage conditions are presented in Table Bl.
The analysis of variance revealed a significant effect of tillage con
ditions but no significant effect of speeds on yields at the 95% level
of probability (Table B2). Figure Bl is a plot of yield of corn versus
planting speed in different tillage conditions. Yield decreased with
increasing speeds because of increasing number of missed seeds during
the planting operation as was explained in Section 1.
The highest yield was obtained with the moldboard plowed plots and
the lowest with the untilled plots. The principal reason for the lower
yields of the untilled plots was the presence of weeds. Since no
chemical control of weeds was used and because the chisel plowed plots
and the moldboard plowed plots were cultivated three months before
harvesting, there were many more weeds in the untilled plots than in
the tilled plots. That competition of weeds Induced lower yields for
the untilled plots.
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Table Bl. Yield of com as affected by speed and tillage conditions
Tillage conditions
P l ant lih; speed in kni/h
Mean
of the soil
7.24 4.02 2. 82
(T/ha)
Untilled 2.37 2.84 3. 13 2,78
Chisel plowed 3.88 4.27 4. 52 4.22
Moldboard plowed 4.77 5.07 5. 30 5.04
Mean (T/ha) 3.67 4.06 4. 32 —
LSD (P = 0.05) for tillage means = 1
Not significant for speed means
.20 T/ha.
'l.iblt' Ii2. ANOVA Tor
different
yii'lti of corn planted ;it
tillage conditions
d i f ferent speeds in
Source of
variation
Degrees of
freedom
Sum of
squares
Mean
squares
Replicate
Tillage
Error (a)
Speed
Tillage x speed
Error (b)
Adjusted total
3
2
6
2
4
18
35
3.5741
31.5502
6.4807
2.5222
0.0548
10.5532
54.7358
1.1914
15.7751A*
1.0801
1.2611 ns^
0.0137
0.5863
ns - Not significantly different at the 5% level of probability
^^Significantly different at the 1% level of probability.
to
z
o
h-
»-1
Q
"1"
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o- UNTILLED
CHISEL PLOWED
MOLDBOARD PLOWED
•—
-a
2,82 4.02
FORWARD SPEED IN km/h
7.24
Fig. Bl. Yield of corn vs. planting speed for different tillage
conditions
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APPENDIX C: EXPERIMENTAI. DATA
Table Cl. Depth of planting in cm
No-till Fall chisel plow Fall moldboard plow
2.82 4.02 7.24 2.82 4.02 7.24 2.82 4.02 7.24
kiti/h km/h km/h
Replicate //I
5.3 5.5 5.0 4.9 5.0 5.1 5.1 5.0 6.5
5.0 6.0 5.0 4.9 4.8 5.2 6.2 5.0 4.7
5.6 6.0 5.6 6.1 6.0 6.0 5.4 6.0 5.2
5.4 5.0 5.4 5.4 5.1 6.0 5.4 4.8 5.4
5.5 6.0 6.4 6.6 5.0 5.7 5.6 6.1 6.0
6.4 5.5 5.5 5.4 5.1 4.8 6.1 5.0 5.0
5.6 5.3 6.0 5.6 6.2 4.5 5.0 6.0 5.2
6.4 6.2 5.2 6.0 5.4 6.0 5.0 6.0 6.1
5.0 5.0 5.0 5.0 6.0 5.2 6.0 4.8 /i.8
6.0 5.4 5.1 5.0 5.0 5.3 5.0 5.2 6.0
Replicate n
5.8 4.8 5.2 4.8 5.0 4.8 6.0 4.9 4.1
4.7 4.9 5.0 4.0 5.1 5.1 5.1 4.8 4.5
6.5 6.0 6.0 5.1 5.2 5.2 5.2 5.1 6.0
5.0 5.1 6.9 5.6 5.5 5.1 6.3 5.4 5.5
5.1 6.2 5.0 6.5 6.0 5.0 5.4 6.5 6.1
6.2 5.0 6.1 4.4 6.0 6.0 5.5 6.4 6.2
5.4 6.1 5.2 4.8 4.8 6.0 5.6 6.5 6.3
5.1 5.2 5.1 5.5 5.1 6.1 5.7 5.5 5.4
6.0 6.1 5.1 5.0 5.5 5.6 6.1 4.9 5.0
5.5 5.5 5.0 4.9 5.6 5.0 5.1 4.8 6.0
Replicate //3
5.1 4.9 4.1 4.1 4.8 5.0 6.1 4.5 6.1
5.2 4.9 4.9 4.1 4.5 5.1 5.2 6.5 6.5
5.1 6.5 4.9 6.0 6.7 4.7 5.0 4.9 4.8
6.9 5.5 4.8 5.5 4.8 4.3 4.9 4.9 5.7
4. 8 6.9 4.9 4.9 6.0 6.1 4.8 6.1 5.1
5.1 5.1 6.3 6.7 6.5 6.2 6.1 5.5 5.1
6.1 6.7 6.0 4.8 4.9 6.1 5.5 5.0 5.4
5.7 5.1 5.1 3.9 6.9 6.0 6.0 4.3 6.5
5.1 6.0 4.9 5.0 6.1 6.3 5.7 4.5 5.6
6.4 4.9 6.1 5.1 5.4 4.9 6.4 4.8 6.7
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T<il)lc' (!J . (ConL Liiui'd)
No-till Fall chisel plow Fall moldboard plow
2.82 4.02 7.24 2.82 4.02 7.24 2.82 4.02 7.24
km/h kra/h km/h
Replicate H
5.0 4.8 6.1 6.1 6.8 5.5 4.8 6.8 6.9
6.4 3.9 5.1 5.4 6.1 6.4 6.5 4.9 6.1
5.0 5.1 4.8 4.5 6.0 5.4 5.3 4.8 6.1
4.6 4.0 6.3 6.5 5.4 6.5 6.1 5.1 6.1
5.0 6.0 4.9 4.5 6.6 4.9 5.0 6.2 5.4
4.9 4.4 3.8 6.8 5.7 6.1 5.4 6.5 5.3
4.9 5.6 5.2 5.1 6.1 4.7 6.4 6.4 5.5
6.7 5.4 5.0 6.0 5.4 6.1 6.4 6.1 6.4
3.5 6.0 4.7 5.1 6.4 5.0 6.0 4.8 6.1
4.0 5.0 5.1 5.8 6.1 6.0 5.1 4.9 4.9
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Table C2. Within-the-row spacing in cm
No-till Fall chisel plow Fall moldboard plow
2.82 4.02 7.24 2.82 4.02 7.24 2.82 4.02 7.24
km/h k,m/h km/h
Replicate n
16.0 17.0 17.5 16.0 19.0 16.0 20.0 17.5 17.5
18.0 17.5 17.0 17.5 17.5 17.5 18.0 17.5 18.5
17.5 18.0 17.5 15.0 16.5 18.5 17.5 17.5 19.0
16.5 17.5 16.5 18.0 16.0 17.0 17.0 18.5 16.5
17.5 18.5 15.5 17.5 17.5 17.5 17.5 17.5 17.5
17.0 17.5 18.0 19.5 17.0 18.0 16.0 16.0 17.0
17.5 16.0 17.5 15.0 18.0 17.0 17.5 17.5 18.0
15.5 17.5 15.5 17.5 17.5 17.0 17.5 15.0 18.0
17.5 17.0 16.0 18,0 17.5 17.5 18.0 18.0 18.0
17.5 16.5 17.0 17.0 17.0 17.5 17.0 17.0 17.5
18.5 18.0 16.5 18.0 17.5 16.0 18.5 18.5 19.0
17.5 17.0 17.0 17.0 19.0 17.0 16.5 17.5 17.0
17.5 18.0 17.5 17.0 16.0 18.5 17.5 19.0 19.0
17.0 17.5 18.0 18.0 17.5 17.5 18.5 17.0 18.0
18.0 17.5 17.5 17.5 18.0 15.5 18.5 16.5 18.5
17.5 16.0 18.0 16.5 17.0 18.5 18.5 19.5 17.0
17.0 17.5 17.5 16.0 16.5 15.0 18.0 18.0 17.0
16.5 17.5 17.0 17.5 18.5 18.0 17.5 17.0 17.0
17.0 17.5 18.0 17.0 16.0 18.5 18.5 17.5 18.0
17.5 18.0 17.0 19.0 15.0 18.5 17.5 18.0 17.0
17.0
17.5
16.5
17.5
17.5
17.0
15.0
18.0
16.0
17.0
17.5
17.0
17.5
17.5
18.0
16.0
16.0
17.5
17.0
18.0
18.0
17.5
17.0
17.0
18.0
16.5
18.0
18.0
17.0
18.0
16.5
17.5
17.0
19.0
16.0
16.5
17.5
17.0
16.0
17.0
19.0
18.5
16.0
16.5
18.5
17.0
16.5
16.5
18.0
18.0
17.5
16.5
18.0
17.5
18.0
15.5
16.5
17.5
17.5
17.0
17.0
18.5
20.0
21.0
19.0
17.5
17.0
19.0
16.5
18.5
17.5
16.5
18.5
17.5
19.0
18.0
18.5
16.0
18.0
15.0
Replicate #2
17.5
17.5
17.5
17.0
17.5
18.5
19.5
15.5
18.5
16.5
17.0
17.0
15.0
17.0
17.0
17.0
17.0
18.5
16.5
15.0
20.0
15.5
17.0
17.5
19.0
18.0
18.5
16.0
18.0
17.5
20.0
17.5
17.5
17.0
16.0
17.0
17.5
17.5
15.0
17.0
18.5
17.0
15.5
18.5
17.5
17.0
15.0
17.0
18.0
20.0
18.5
18.0
18.5
15.5
17.5
18.0
18.0
18.0
20.0
19.0
16.5
18.0
16.5
15.0
15.5
19.0
17.0
17.0
18.0
15.0
18.5
17.0
19.0
16.0
18.5
18.0
16.5
20.0
18.0
17.5
20.0
17.0
17.5
18.5
17.5
14.0
16.5
19.0
18.0
20.0
17.5
20.0
17.5
17.5
19.0
17.5
20.5
18.0
18.5
17.5
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Table C2. (Continued)
No-till Fall chisel plow Fall moldboard plow
2.82 4.02 7.24 2.82 4.02 7.24 2.82 4.02 7.24
km/h km/h km/h
Replicate #3
18.0 15.5 18.0 16.0 16.0 16.0 17.5 15.5 17.5
17.5 17.5 15.5 18.0 17.5 17.5 18.0 16.5 20.0
18.0 16.5 17.5 17.5 18.0 16.5 17.5 19.0 19.0
18.0 17.5 17.5 17.0 15.5 IB.O 18.0 18.0 17.5
17.0 17.0 16.5 17.5 15.5 16.5 17.5 15.0 15.5
17.5 15.0 17.5 15.5 17.5 19.0 18.5 16.0 15.5
18.0 16.0 17.5 17.5 17.5 18.0 17.5 17.0 14.5
17.0 17.0 16.0 17.0 16.5 19.0 17.5 18.0 17.5
17.5 17.5 17.5 18.5 18.0 18.0 18.5 16.0 20.0
16.0 17.5 17.5 15.0 17.5 16.5 17.5 18.0 17.5
15.5 18.0 15.5 17.0 17.5 18.0 16.5 17.5 20.0
16.5 17.5 16.5 17.5 17.0 16.5 19.0 16.5 20.0
17.0 17.0 17.5 17.5 17.5 17.0 17.5 17.5 15.0
17.5 17.5 17.5 18.5 18.0 16.5 17.5 17.0 12.0
18.0 17.0 16.5 15.5 17.5 19.0 18.0 17.0 13.0
17.5 15.5 17.5 17.5 18.0 18,0 19.0 18.5 17.5
18.0 17.5 17.0 19.0 17.5 17.5 17.5 19.0 18.0
17.5 17.0 17.5 18.0 16.5 16.0 18.0 15.5 17.5
16.5 17.5 17.0 17.5 17.5 18.0 17.0 18.0 18.0
18.0 18.0 17.0 18.0 17.5 16.5 16.0 17.5 17.0
Replicate //4
17.5 17.5 15.0 16.0 17.5 17.5 17.0 20.0 17.0
17.5 17.5 17.5 17.5 17.5 16.5 18.0 15.0 19.5
17.0 17.5 18.0 17.5 18.0 17.0 19.0 20.0 17.5
18.5 18.0 17.5 18.0 18.5 18.5 17.5 17.5 19.5
19.0 19.0 18.5 17.0 16.0 17.5 17.5 15.5 17.5
17.0 19.0 17.5 18.0 19.5 17.5 17.5 17.5 16.5
18.0 17.0 17.0 17.0 17.5 16.5 17.5 17.0 16.5
19.0 17.0 17.5 17.0 19.5 18.5 20.0 17.5 20.0
16.0 18.5 17.5 18.0 17.5 19.0 18.0 18.5 17.5
13.0 17.0 15.0 18.0 18.0 17.5 15.5 17.5 18.5
17.0 17.0 18.0 16.0 17.0 16.0 16.5 18.0 17.5
17.5 17.0 18.5 19.0 16.0 16.5 16.5 17.5 19.0
17.5 18.0 17.5 18.0 15.0 18.5 18.0 18.0 19.0
17.5 18.5 15.0 20.0 17.5 17.5 17.5 17.0 18.0
16.0 17.5 17.5 17.5 18.0 17.5 17.5 18.0 17.0
18.0 17.0 18.5 19.0 19.0 16.5 18.5 18.0 17.5
18.5 17.5 18.0 17.5 20.0 17.0 17.5 17.5 17.5
19.0 17.5 17.5 18.0 17.5 17.0 18.5 18.0 17.0
20.0 18.5 17.5 17.5 17.5 18.0 19.0 17.5 17.5
17.5 19.0 17.0 17.5 17.5 17.5 17.0 17.5 20.0
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Table C3. Percent missing seeds of corn planted
Plant
ing
speed
No-till
Replicate //
12 3
Fall chisel plow
Replicate #
12 3 4
Fall moldboard plow
Replicate #
12 3 4
2. 82 8 5 3 1 8 5 3 5 6 5 8 5
4.02 5 7 10 6 8 13 10 8 6 6 5 6
7.24 16 13 19 15 13 10 14 5 14 15 10 9
Table C4. Percent emergence of corn planted
Plant
ing
speed
km/h
No-till
Replicate //
12 3
Fall chisel plow
Replicate #
12 3 4
Fall moldboard plow
Replicate //
12 3 4
2.82 89 100 89 97 90 80 91 91 90 99 58 89
4.02 95 89 79 38 93 100 96 63 93 89 83 64
7.24 62 66 64 42 76 78 66 95 70 68 85 91
Table C5. Yield of corn in tons/hectare
No-till
Plant
ing
speed
km/h
Replicate #
12 3
2.82 2.49
4.02 2.21
7.24 2.66
3.37 2.47 4.19
3.87 2.50 2.76
2.07 2.05 2.70
Fall chisel plow
Replicate //
12 3 4
5.80 5.62 2.35 4.29
5.56 3.51 3.62 4.39
4.35 4.67 3.10 3.39
Fall moldboard plow
Replicate #
12 3 4
6.12 4.59 6.04 4.45
4.62 5.78 4.93 4.93
5.05 4.07 4.34 5,60
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Table C6. Percent fill of the cups for different lag angles at a
speed of 1.93 kra/h
Rep Height Angle lag in degrees
cm 2 4 6 8 10 12 14 16 18 20
1 6 40 40 38 45 60 80 79 90 78 65
7 55 37 39 40 65 69 80 89 77 50
8 49 41 37 40 41 49 75 76 77 59
9 48 39 34 48 47 53 59 79 80 59
2 6 39 39 41 39 55 84 90 89 75 55
7 54 41 40 42 58 73 85 93 78 53
8 56 40 42 45 45 68 71 79 78 60
9 50 43 32 38 45 65 73 80 74 50
3 6 60 55 50 41 57 69 87 94 89 49
7 55 39 35 47 60 71 79 90 75 49
8 52 57 37 50 43 61 58 80 78 60
9 54 40 36 36 47 49 68 74 75 58
4 6 65 60 40 38 70 70 89 98 88 50
7 59 40 39 45 60 70 88 90 78 60
8 48 49 35 32 40 59 76 71 82 65
9 57 44 32 29 43 58 61 68 72 57
Table C7. Percent fill of the cups for different lag angles at a
speed of 2.90 km/h
Rep Height Angle lag in degrees
// cm 2 4 6 8 10 12 14 16 18 20
1 6 59 48 45 48 51 63 83 81 96 75
7 63 55 51 50 48 63 72 78 83 74
8 71 61 51 43 42 57 68 71 81 85
9 70 69 57 49 40 35 54 59 70 80
2 6 67 59 41 38 50 60 70 85 93 71
7 60 48 49 40 52 50 71 89 85 70
8 59 50 43 50 30 53 58 66 77 90
9 61 60 45 57 49 40 50 55 65 79
3 6 61 60 44 50 48 58 85 79 90 73
7 57 53 42 35 54 59 68 85 83 75
8 73 49 57 46 31 45 52 59 65 91
9 65 60 60 41 43 39 50 64 65 80
4 6 73 50 45 41 54 59 65 90 92 76
7 70 45 51 43 50 65 76 80 85 79
8 77 62 47 39 39 51 60 72 82 92
9 73 51 58 43 37 42 49 63 61 76
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Table C8. Percent fill of the cups for different lag angles at a
speed of 3«87 km/h
Rep Height Angle lag in degrees
cm 2 4 6 8 10 12 14 16 18 20
6 90 59 61 42 35 69 75 80 92 95
7 83 73 50 54 48 54 62 71 79 96
8 85 57 41 46 33 27 58 61 73 80
9 86 70 45 48 42 29 25 60 51 73
6 89 75 47 53 45 51 59 79 74 95
7 71 61 68 50 54 45 59 70 85 90
8 79 73 60 45 38 40 51 58 55 63
9 67 56 61 39 33 42 39 49 63 57
6 87 69 41 40 30 62 78 69 85 92
7 80 63 56 40 47 43 58 67 83 81
8 80 69 53 39 43 38 42 57 68 72
9 79 55 49 38 45 37 28 55 66 60
6 85 79 54 35 49 60 68 81 90 86
7 78 69 49 51 46 50 60 69 90 93
8 67 63 47 50 47 36 54 70 65 68
9 69 65 58 54 38 45 36 47 59 66
Table C9. Percent fill of the cups for different lag angles at a
speed of 4.84 km/h
Rep Height Angle lag in degrees
# cm 2 4 6 8 10 12 14 16 18 20
1 6 95 81 77 50 41 30 60 49 78 90
7 90 81 75 51 45 40 45 53 60 81
8 73 80 85 79 67 59 41 27 50 53
9 69 72 59 61 50 49 48 26 59 68
2 6 81 65 59 69 39 45 51 70 71 77
7 77 81 60 63 50 45 41 51 63 73
8 61 73 70 73 57 49 53 43 62 59
9 51 60 69 70 67 53 35 30 60 59
3 6 89 73 60 55 59 47 55 63 68 83
7 85 82 67 60 49 42 48 50 63 78
8 58 70 69 65 65 60 37 33 43 69
9 71 59 79 57 58 38 40 31 41 50
4 6 96 70 63 54 42 36 53 59 65 72
7 78 89 71 62 48 43 45 49 64 81
8 69 59 83 62 57 50 40 38 68 65
9 66 82 75 56 48 58 46 40 53 54
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Table ClO. Percent filling of the plate for different vacuum levels
at different speeds and a WCS of 35
Vacuum in Pa
if km/h 196 491 785 1080 1375 1669
1 1.93 5.6 90.0 97.8 101.1 108.9 110.0
2.90 3.3 86.7 94.4 105.6 106.7 113.3
3.87 1.1 54.4 86.7 100.0 105.6 110.0
4.84 0 28.9 78.9 95.6 103.3 106.7
2 1.93 4.4 90.0 101.1 104.4 113.3 114.4
2.90 3.3 82.2 97.8 103.3 108.9 110.0
3.87 2.2 55.6 85.6 95.6 106.7 111.1
4.84 1.1 28.9 78.9 95.6 101.1 106.7
3 1.93 6.7 86.7 102.2 104.4 112.2 114.4
2.90 2.2 84.4 98.9 105.6 107.8 108.9
3.87 1.1 58.9 86.7 98.9 108.9 110.0
4.84 0 33.3 84.4 95.6 107.8 107.8
4 1.93 6.7 88.9 100.0 104.4 107.8 113.3
2.90 4.4 86.7 96.7 104.4 110.0 111.1
3.87 2.2 52.2 84.4 100.0 106.7 112.2
4.84 2.2 33.3 83.3 97.8 104.4 107.8
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